Abstract: This paper presents the generalized spectrum (GS) as a method for analyzing and quantifying the properties of small-scale resolvable structures (on the order of 1 to 4 mm), which result from tissue structures such as Iobules, ducts, and vessels. A description of a GS-based classifier for discriminating between norrnd and metastic liver tissues illustrates the properties of the GS that enable it to limit tissue and system variability, and to characterize consistent structural features.
GENERALIZED

SPECTRUM AND~SSUE STRUCTURE
Conventional ultrasonic imaging systems primarily use back-scattered signals for creating qualitative images that reveal large-scale structures, such as tissue boundaries,
Efforts to extract additional quantitative information have resulted in limited success.
The nonstationarities from scatterers comprising biological tissue often violate conditions for applying common signal characterization and estimation methods based the power spectral density (PSD). In addition, combined ultrasonic tissue properties (such as attenuation, scatterer density, size, and structure) ambiguously encode information into the back-scattered signal, making it difficult or impossible to quantitatively extract scatterer properties. The relevant properties of the GS include its ability to characterize resolvable scatterer spacings such as those resulting from quasi-periodic structures over several scatterers (as in the liver), or those resulting from just two scatters (as would be the case for ducts and larger vessels). Note that for a meaningful PSD estimation, the underlying data must be stationary. Regularly spaced scatterers modulate the magnitude of the PSD due to [he interference between the regulm scatterers. Thus, the interpretation of the PSD magnitude being directly related to the energy in a given frequency bin is no longer valid, since scatterer spacings introduce correlation between different frequency bins [1] . The GS extends the definition of the PSD to include these correlations between different frequency components.
The GS is defined over the bifrequency plane as:
G(fl , f2) = E[y(fl ),Y*(f2)1 (1)
where Y~is the spectrum of the process, E[.] is the expected value operator, and superscript * denotes the complex conjugate operation. For a stationary process, the GS main diagonal GS~1 =~2) corresponds to the PSD. Peaks at 1~,) in bifrequency plane of the GS indicate scatterer spacings with interval A and sound speed c, according to[l]:
(2)
For a given region of interest (ROI) in an ultrasonic B-scan, a synchronized time-averaged normalized GS estimate from the rf A-scan segments of duration T taken from within the ROI can be estimated by:
where YT(fi; Sc,tk ) is the Fourier transform of the A-scan segment , fiOm scan number~i stating a point fk,~l,& is the synchronization parameter for that segment, S is the number of scan lines, Ni is the number segments used on the iti scan line, and N is the total number of segments used. The selection of the ROI and T depend on the extent and size of the structures of interest. In the experiment below T corresponded to about 6 mm. In general, the ROI should contain at least 8 independent A-scan segments for reasonable convergence. The synchronization parameters in this case were selected to move the largest value in the A-scan segment to the beginning of the segment. This synchronization assumes that the structures of interest correspond statistically to larger echo amplitudes than other nonstructural echoes. If synchronization is not used, convergence of the GS will not be as rapid. The estimation in Eq. (3) uses the D~of the A-scans segments for Yfl. The normalization (denominator terms) involves dividing each element by its corresponding magnitude so that all GS magnitudes are set equal to one in the averaging process (the phase is still present, however). This normalization significantly limits the effects on the spectrum due to the system and frequency dependent attenuation due to the tissue path. So the off diagonal components of the GS estimate are not scaled by system or overlying tissue effects and primarily indicate structure properties.
CLASS~ICATION BASED ON TISSUE STRUCTURES
Data for this study consist of 55 liver scans from 22 patients, using a 3.5 MHz sector scan transducer obtained from frames of an ATL Ultramark 9 system (Advanced Technology Laboratories, Bothell, WA), which was modified by the manufacturer to include a post TGC pre-demodulator digital output sampled at 12 MHz. Of the 55 scans, 44 contained metastic tissue, and 11 contained only normal tissue. For each metastic scans an ROI was identified in tumor and normal regions of the same size and at the same depth. For the norrnd-only scans, only one ROI was selected in the normal region, For design and testing purposes, 21 indignant and 27 normal ROI'S were used in the classifier design, while the other 21 malignant and 27 ROI'S were used in performance testing. The ROI was about 1 cm in depth (along the A-scan) and approximately 0.5 cm in the lateral directions. The classifier output is the sum of products between designed template values and scaled GS magnitudes computed from the ROI. The scaled GS magnitudes are computed from the mean of each element of the GS (Eq (3)), divided by its standard deviation computed over the ROI. This scaling reduces the influence of high variability tissue structures that have little value in classification.
The template was constructed with ROI'S from tissue scans randomly selected from the set for classifier design using the Fischer discriminant given by:
where mM is the mean of the scaled GS magnitudes of the malignant tissue class, rnN is the mean of the scaled GS magnitudes of the normal tissue class, and s~and s~are their corresponding standard deviations.
An analysis of discriminating tissue structure can be performed by examining the larger positive and negative template values. Large negative values (normal) occurred over the mid frequency (2.5 to 3.5 MHz) region around the lmrn range and in the low frequency region (1.8 to 2.5 MHz) around the 1.9 mm range. Large positive values (malignant) occurred in the high and low frequency region around the 1.5 mm range. The template was quantized by setting the large positive values to 1 and the large negative values to -I to emphasize the GS areas corresponding to the structure. Intermediate values (95Yo of the total) were set to O. A test with the ROI'S used to build the template resulted in a 90% true-positive and 0% fa!se-positive detection rate. A test with the ROI'S not used in the template design resulted in a 7790 true-positive and 25% false-positive detection rate. In conclusion, the results here demonstrate the potential for using the GS in characterizing and classifying tissue based on small-scale structures.
